Abstract The effect of the photo-Fenton process on biodegradability enhancement of 100 mg.L -1 aqueous 2,4-dichlorophenol (2,4-DCP) solution has been investigated. An initial concentration of 65 mg.L -1 H 2 O 2 and 10 mg.L -1 Fe (II) during 35 minutes of irradiation time was sufficient for total 2,4-DCP removal. At these working conditions, biodegradability, measured as BOD 5 /COD ratio, was increased from 0 for the original solution up to 0.15. Biological oxidation of photo-Fenton pre-treated solutions was performed in a sequencing batch reactor (SBR). After 32 days of start-up, the reactor was fed with different pre-treated solutions and cycle duration was reduced progressively. TOC removal efficiencies in the SBR went from 30 up to 70%.
Introduction
Chlorinated phenols are commonly found in the environment as micro-pollutants. These phenols can be formed indirectly in the chlorination of municipal or industrial wastewater, bleaching in the paper and pesticides industry, or in the bioconversion of low molecular weight compounds. One of these well known micro-pollutants is 2,4-dichlorophenol (2,4-DCP). The US EPA has included it in a reduced list of drinking water contaminants to be investigated in the period 2001 -2005 (Hayward, 1999 . The hazardous potential of 2,4-DCP has been reported elsewhere (Ku and Hsieh, 1992) . Chlorophenols are considered to be hardly biodegradable (Hu and Yu, 1994) . Therefore waters contaminated with them must be pre-or post-treated. Recently, advanced oxidation processes (AOPs) have been shown by several authors (Adams et al., 1997; Klare et al., 1999; Feng and Nansheng, 2000) to be more effective for the destruction of some organic compounds and they have significant ability as wastewater treatment processes for the destruction of refractory chemicals such as chlorophenols. However, costs associated with chemical oxidation alone can often be prohibitive for wastewater treatment. A potentially practical solution is the integration of chemical and biological treatment processes as an economical means for treating bio-recalcitrant organic chemicals in wastewater (Marco et al., 1997) .
Sequencing batch reactors (SBR) have demonstrated their efficiency and flexibility in the treatment of all kinds of wastewater, even from chemical and petrochemical industries. Usually SBR-type bioreactors operate under five well-defined phases: fill, react, settle, down and idle. By optimising the discontinuous schedule, both the organism distribution and their physiological state can be manipulated in order to remove specific organic compounds present in industrial effluents (Buitrón et al., 2001) . Accordingly, the effect of initial reactant concentrations (H 2 O 2 and Fe (II)) and irradiation time on the elimination of 100 mg.L -1 2,4-DCP aqueous solution has been studied in the first part of this work. The biodegradability of photo-Fenton pre-treated solutions was also tested. BOD 5 /COD and BOD 5 /TOC ratios were chosen as biodegradability indicators.
In the second part, the photo-Fenton pre-treated solutions were used as the sole carbon source for an aerobic SBR and TOC removal efficiencies were monitored.
Materials and methods

Installation
Experiments were carried out in a coupled photochemical-biological system (Figure 1 ). The photochemical reactor (left hand side, Figure 1 ) is a jacketed thermostatic 1.5 L vessel equipped with three black-blue lamps placed in its centre. These lamps with nominal power of 8 W each emit radiation basically at 360 nm. The photon flux at 360 nm is 2.5 µEinstein.s -1 . The reactor is equipped with a magnetic stirrer that provides good mixing inside the reactor. All the reactions were done under an air pressure of about 1 × 10 5 Pa, and the temperature inside the reactor was controlled to 25 ± 0.8°C by circulating water from a thermostatic bath (Haake C-40).
Biodegradation reaction was completed in a 1.5 L aerobic SBR, equipped with air diffuser and agitation. The biomass used was sewage sludge obtained from a municipal wastewater treatment plant (Gavà, Barcelona).
Photo-Fenton procedure
The procedure was as follows: in each experiment the photo-reactor was charged with a mixture of 100 mg.L -1 2,4-DCP solution and FeSO 4 .7H 2 O salt. The solution pH was between 4.5-6 (not buffered). Then, 30% hydrogen peroxide solution was injected into the reactor at different concentrations, and UV light was switched on immediately. During the experiments, at different time intervals, samples were withdrawn from the reactor, tested for H 2 O 2 consumption with Quantofix test sticks and quenched with sodium hydrogen sulphite to avoid further reactions. The samples were used later for TOC analysis. The final solutions after the photo-Fenton reactions were used for BOD 5 , TOC and COD tests, and as feed for the bioreactor.
Bio-oxidation assay
The aerobic oxidation was carried out on the photo-Fenton pre-treated solution. The effluent from the photo-Fenton process was discharged to a tank and sodium hydrogen sulphite was added, if necessary, for non-reacted H 2 O 2 elimination. Then, the solution was neutralized to pH around 7.0, and mixed with nutrients solutions (NH 4 Cl, CaCl 2 , FeCl 3 , MgSO 4 and buffer solution NaH 2 PO 4 adjusted to pH 7.2 with KOH) according to the procedures explained in Standard Methods (1985) . After that, the solution was fed automatically to the SBR via an alimentation pump and both the agitation and the airflow were switched on automatically. At the end of each cycle, the agitation and the airflow were switched off, the bioreactor allowed to decant for 1 hr and finally the purging pump removed the treated solution from the reactor and a new solution was charged for another bio-oxidation cycle. All analytical methods: 2,4-DCP concentrations, TOC, COD and BOD 5 used in the experimentation have been explained in our previous work (Al -Momani et al., 2002) .
Results and discussion Photo-Fenton process First, the BOD test was performed on a 100 mg.L -1 2,4-DCP aqueous solution, to determine that BOD 5 and BOD 21 were zero. That means that the substrate was non-biodegradable under the tested conditions. Throughout this part, H 2 O 2 and Fe (II) initial concentrations as well as irradiation time influence in 2,4-DCP degradation and biodegradability improvement were investigated. At the beginning, the photo-Fenton reaction at different initial reactants (H 2 O 2 and Fe (II)) concentrations was carried out (see Figure 2) . The 2,4-DCP degradation rate was observed to be dependent on initial H 2 O 2 concentration (Figure 2a (Figure 2b ). It can be seen that 2,4-DCP elimination increased by increasing the initial Fe (II) concentration. This was a result of more hydroxyl radicals formation due to the iron photo-redox catalytic effect. Again 100% 2,4-DCP removal could be achieved under the following conditions: H 2 O 2 of 15 mg.L -1 , 60 mg.L -1 Fe (II) and 35 minutes irradiation time.
Biodegradability enhancement by photo-Fenton process
The biodegradability improvement of photo-Fenton treated solutions with different initial hydrogen peroxide and iron concentrations was tested. Figure 4 . It can be seen that more than 25% 2,4-DCP removal was needed to start biodegradability development. Also, a significant increment in biodegradability was observed when all 2,4-DCP disappeared: BOD 5 /COD ratio changed from 0 for the original solution up to 0.15.
Aerobic sequencing batch reactor
From the results presented before, it was decided to start the pre-treatment of 100 mg.L -1 of 2,4-DCP solution with the following conditions in the photo-Fenton reactor: 65 mg.L -1 H 2 O 2 , 10 mg.L -1 Fe (II) and 35 minutes irradiation time. At these conditions, 100% 2,4-DCP removal was achieved, and the pre-treated solution biodegradability measured as BOD 5 /COD ratio was 0.15. Fresh activated sludge was acclimated in a SBR to photoFenton pre-treated solution. The TOC content of the SBR influent was around 40 mg.L -1 , and it was composed of 2,4-DCP oxidation intermediates. The duration of the acclimation cycle extended to 32 days. Monitoring the SBR showed that about 35% of the initial substrate was degraded, in an organic carbon basis (results not shown). Next cycles were also fed with the sole organic carbon source coming from 2,4-DCP pre-oxidation tank and the initial TOC in the reactor maintained around 37 mg TOC.L -1 , as a result of slight dilution with the remaining solution volume after idle. Throughout the second cycle operated at 8 days of duration, TOC removal slightly increased up to 42%. From the second cycle information, it was decided to augment initial H 2 O 2 concentration in the photo-Fenton pre-treat- Figure 5 shows the evolution of TOC removal efficiency with time. The initial H 2 O 2 concentration used in photo-Fenton pre-treatment and duration of cycles in the SBR are also indicated.
Important increments in TOC removal were observed when original 2,4-DCP solution was more pre-oxidized in the photo-Fenton process. From that point, between 60 and 70% TOC removal was achieved even at shorter cycles. At a cycle duration of 12 h, the average TOC removal was 64%, which means that an important fraction of the organic content of the pre-treated influent to the SBR could be aerobically removed from the solution in a very short retention time, while a percentage of around 35% of initial TOC was still recalcitrant. These results agree with the fact that the biodegradability obtained for pre-oxidized solution was BOD 5 /COD = 0.25, while, as a reference, a BOD 5 /COD ratio of 0.4 is generally considered the cut-off between biodegradable and difficult to biodegrade waste (Metcalf and Eddy, 1985) . Beside all that, a good acclimation response was observed in SBR biomass since, for the same pre-oxidized solution, the operational time could be reduced from 4 days to 12 hours (see Figure 5 , last four studied periods).
Conclusions
The results have demonstrated that the photo-Fenton reaction can be successfully used as a pre-treatment process to improve 2,4-DCP biodegradability. An irradiation time of 35 minutes and an initial reagents concentration of 65 and 10 mg.L -1 H 2 O 2 and Fe(II), respectively, were sufficient to remove 100 mg.L -1 of 2,4-DCP. At these conditions, just 11% of the initial TOC content was mineralised. When all 2,4-DCP was depleted, biodegradability, measured as BOD 5 /COD ratio, increased from 0 to 0.15.
Pre-treated solutions were biologically oxidized in a sequencing batch reactor containing non-acclimated activated sludge. Maximum TOC removals between 60 and 70% were obtained while operating at a short cycle time duration, from 2 days to 12 hours, for the following pre-treatment conditions in the photo-Fenton process: 110 mg.L -1 of H 2 O 2 , 10 mg.L -1 Fe (II) and 35 minutes of irradiation time. 
